Low-loss arrayed waveguide gratings (AWGs) are demonstrated at a 2.0-μm wavelength. These devices promote rapidly developing photonic applications, supported by the recent development of mid-infrared lasers integrated on silicon (Si). Multi-spectral photonic integrated circuits at 2.0-μm are envisioned since the AWGs are fabricated with the 500-nm-thick Si-on-insulator platform compatible with recently demonstrated lasers and semiconductor optical amplifiers on Si. Characterization with the AWGring method improves the on-chip transmission uncertainty to ∼6% compared to the conventional method with an uncertainty of ∼53%. Channel losses of ∼2.4 dB are found, with −31 dB crosstalk per channel. Fully integrated multispectral sources at 2.0 μm with pump lasers, low-loss multiplexers, and an output amplifier are now feasible. Integrated multi-spectral lasers are an important topic of interest for wavelengths spanning the near-to mid-infrared [1, 2] . Such devices have applications near a 2-μm wavelength for communication systems with hollow-core photonic-bandgap fibers (HC-PBFs) [3, 4] , gas detection and quantification [5] , remote sensing [6, 7] , and infrared countermeasures (IRCM). Water absorption near 2-μm also makes this wavelength important for medical applications [8] , such as non-invasive blood glucose measurements [9] and laser surgery [10] .
Integrated multi-spectral lasers are an important topic of interest for wavelengths spanning the near-to mid-infrared [1, 2] . Such devices have applications near a 2-μm wavelength for communication systems with hollow-core photonic-bandgap fibers (HC-PBFs) [3, 4] , gas detection and quantification [5] , remote sensing [6, 7] , and infrared countermeasures (IRCM). Water absorption near 2-μm also makes this wavelength important for medical applications [8] , such as non-invasive blood glucose measurements [9] and laser surgery [10] .
In this scope, an ideal optical source consists of a compact single chip with no free-space optics, which emits high optical power into a near-diffraction-limited beam and covers many spectral bands of interest. Because they are compact, efficient, reliable, and relatively inexpensive, semiconductor lasers are used in nearly every application for which they meet system requirements. Yet, until recently, they were too immature for transitioning to advanced applications such as IRCM, except in limited spectral ranges restricted to the short-wave infrared [11] and the near-visible [12] . This has rapidly changed over the past decade, however, with the advent of aluminum gallium nitride lasers emitting in the ultra-violet [13] , interband cascade lasers in the mid-wave infrared [14, 15] , and quantum cascade lasers in the mid-and long-wave infrared [16] . Nonetheless, even an all-semiconductor source may become complex and cumbersome if free space optics are required to combine multiple beams from several spectral bands. However, on-chip multiplexers with low loss can combine an array of integrated lasers spanning many spectral bands into a single output waveguide to circumvent free-space optics [17] .
Arrayed waveguide gratings (AWGs) have proven to have the lowest loss and crosstalk for dense channel spacing (<400 GHz) integrated optical multiplexers. An optical communication system near a 2.0-μm wavelength has been demonstrated with AWGs, based on indium phosphide (InP) waveguides, utilizing the minimum loss window of hollow-core photonic bandgap fibers [4, 18] . Communication systems on the Si-on-insulator (SOI) platform could reduce cost and improve performance [19] . Si is an ideal material for high-power 2-μm photonic integrated circuits (PICs) thanks to the low two-photon absorption and high Kerr coefficient [20, 21] [24] , and 3.8 μm [25] ). Emerging applications require lower-loss AWGs. Improved characterization is also a requisite for evaluating on-chip loss lower than the typical chip-coupling uncertainties (∼2 dB).
This work demonstrates low on-chip loss and crosstalk of an AWG near a 2.0-μm wavelength with 500-nm-thick Si waveguides, compatible with the CW 2.0-μm laser [26] and SOA [27] on Si. Additional analysis is performed to drastically reduce the measurement uncertainty by using an AWG-ring [22] to transmission normalization. The low-loss AWG presented in this work complements the recent demonstrations of a 2.0-μm laser [26] , a 2.0-μm SOA [27] , and a 2.3-μm photo-diode [28] to further advance PIC capabilities at 2 μm.
The devices are fabricated on a SOI platform [29] . As shown in Fig. 1(a) , a 0.50-μm-thick Si layer is used with a 1.00-μm-thick SiO 2 bottom cladding. Features are defined with deep-ultraviolet lithography and reactive ion etching with sulfur hexafluoride, oxygen, and argon to remove 0.25 μm of Si. A 4:1 mixture of sulfuric acid and hydrogen peroxide held at 80°C strips the photoresist. A 1.00-μm-thick SiO 2 layer is then sputtered to form the top cladding before dicing the wafer and polishing the facets. Micrographs of the AWG and AWG-ring are shown in Figs. 1(b) and 1(c), respectively. The free propagation region (FPR) with the de-multiplexed and arrayed waveguides is schematized in Fig. 1(d) , defining the design parameters listed in Table 1 . Other parameters include the number of channels (8) and arrayed waveguides (157). A flared and angled facet waveguide schematized in Fig. 1 (e) helps to reduce the fundamental mode reflection. This suppresses the Fabry-Perot resonance amplitude so it does not affect the AWG and AWG-ring transmission spectra. Three copies of each device are photographed on a single chip in Fig. 1 
(f ).
The layout is generated with a unique design process that emphasizes low peak-channel loss over other design parameters, such as the center wavelength of each channel or the footprint size (∼3.6 mm 2 for this design) [30] . This contrasts with AWGs typically designed for communication systems, since the current design begins with a different set of assumed parameters [31] . The number of channels, the channel non-uniformity, the center wavelength, and the approximate channel wavelength spacing are decided for the application. All other parameters are derived from these first assumptions; then, the device layout is drawn. Multiple design iterations are performed based on the physical layout dimensions to optimize for low insertion loss. The number of arrayed waveguides is calculated from the angle that encompasses 99% of the power from the input/output (IO) channel waveguide propagation into the FPR. Widths of the arrayed waveguides and IO waveguides at the FPR interface (w AW−FPR and w io−FPR ) are chosen to support only one symmetric TE mode. For optimizing the insertion loss, it is important to minimize the excitation from the grating, aside from the designed interference order. For these SOI waveguides, w AW−FPR can be further reduced to decrease the pitch of the arrayed waveguides at the expense of increasing the footprint and, subsequently, the total phase and amplitude noise in the array. However, since the separation of the AWs is set to and limited by the minimum feature size of the lithography process: 0.3 μm, the pitch between i/o waveguides (d io−FPR ) is initially estimated to be 2w io−FPR . Reducing d io−FPR during iteration has two effects: increasing the adjacent channel crosstalk and decreasing the number of arrayed waveguides, which consequently reduces the accumulated phase and amplitude errors. These effects are then balanced to achieve a minimum loss. The channel uniformity is another parameter that can be modified, since this value also affects the number of waveguides and a similar optimization process can be implemented to further reduce the total on-chip loss. Larger values of uniformity reduce the crosstalk and the center channel loss at the expense of the outer channel losses.
The experimental setup is shown in Fig. 2 . Light from a diode tunable laser (TL, Newport Velocity TLB-6736) in the wavelength range of 2.004-2.022 μm (driven by a Keithley 2400 SourceMeter) is coupled to a single-mode fiber with an aspheric lens. A polarization controller (PC, Thorlabs PLC-900) is used to excite a transverse-electric (TE) on-chip mode. The light is launched into the integrated waveguide from a lensed fiber (OZ Optics) with an anti-reflective coating centered at a 2.0-μm wavelength. A temperature controller (Newport LDT-5948) holds the chip at 25°C. The transmitted light is collected with another lensed fiber and measured with an optical spectrum analyzer (OSA, Yokogawa AQ6375). The transmission spectra of 13 straight waveguides are measured to investigate the off-to on-chip coupling efficiency and variation. One example transmission spectrum of these waveguides is presented in Fig. 3(a) in blue and the mean transmission spectrum is shown in black, from which a coupling loss of ∼4.5 dB per facet is extracted. The coefficient of variation (V w ), in Fig. 3(b) , represents the normalized standard deviation of the straight waveguide transmission. Another measurement of back-scattered light along waveguide spirals near a 1.6-μm wavelength indicates that this variation is dominated by the uncertainty of the facet coupling efficiency [22] . Hence, V w indicates the normalized uncertainty introduced by the facet coupling, which is used to extract the uncertainty of the on-chip insertion loss from the conventional and AWG-ring methods.
Transmission spectra from two ports of a chip-based unbalanced Mach-Zehnder interferometer (UMZI) are analyzed to characterize the coupler design used in the AWG-ring devices [32] . The extracted transmission coefficient, τ 2 , in Fig. 4 , is defined as the normalized power transmission.
On-chip AWG transmission spectra, in Fig. 5 , are normalized at the peak of each channel to the on-chip transmission values calculated from three separate AWG-rings. An example AWG-ring transmission is shown in Fig. 6 , which is used along with the τ 2 values of the coupler to calculate the peak transmission of each AWG channel.
The central channels of the AWG have an on-chip loss of 2.2(3) dB and the uniformity across all eight channels is 0.6(4) dB, where the numbers in parentheses are the standard uncertainties referred to the corresponding last digits of the quoted results. Propagation loss of similar waveguides at 1.6-μm wavelength is ∼71 dB∕m [22] . The loss at 2.0 μm is expected to be similar or slightly lower since scattering contributes less. Channel crosstalk is calculated across the 3-dB bandwidth of each channel, as detailed in [22] , and the average crosstalk per channel is −31 dB. Using a conventional method, the adjacentchannel crosstalk approaches −21 dB. However, the cumulative method is more rigorous and its value represents the crosstalk across channel bandwidth, not just a single wavelength. The conventional normalization method (not shown) is found to have a relative uncertainty of hV w i ffiffi ffi 2 p ≈ 53.2% and the AWG-ring method reduces this value to ∼6.0%. This uncertainty depends on Δτ 2 and on spectral deviations of V w , which modify the relative minima and maxima in the AWG-ring transmission spectrum, but not on the magnitude of V w . A detailed formulation is presented in [22] . Note, since the AWG-ring requires two cascaded AWGs, the channel misalignment adds to this uncertainty. By fitting Gaussian curves within the 2-dB bandwidth of the single AWG and the AWG-ring extracted transmissions, the misalignment is calculated as half of the difference in channel widths. A 10(18) pm misalignment is found corresponding to 0.1% of the total transmission uncertainty of 6.0%.
Loss and crosstalk are state-of-the-art for 2.0-μm AWGs [18] . These demonstrations are compatible with heterogeneously integrated lasers on the SOI waveguide platform. The loss of the AWG is due to a combination of waveguide propagation loss and phase error. Absorption in the Si and SiO 2 is negligible compared to the loss from interfacial scattering [20, 30] . Therefore, to reduce the total loss of the AWGs and improve the crosstalk, the waveguide sidewall roughness must be reduced. Future work will integrate these AWGs with lasers and a semiconductor optical amplifier, which is estimated to produce >300 mW output power in the fundamental mode [26, 27] . This could be increased with more AWG channels or by improving the output Combining these devices with modulators and detectors would also produce functional systems for gas absorption spectroscopy, optical communications, and medical applications. 
